Delayed-response tasks are behavioral paradigms in which subjects must remember stimulus attributes across a delay to subsequently perform the appropriate motor response. Quintana and Fuster (1992), reported that there exist subpopulations of neurons in monkey lateral prefrontal cortex (PFC) whose firing rates during the delay are tuned to either sensorial attributes of the stimulus (i.e., involved in sensory memory) or the direction of a postdelay motor response associated with the stimulus (i.e., involved in motor preparation). We studied human subjects with an event-related fMRI method that would allow us to test the hypothesis that there are regions within the PFC that are recruited during both motor preparation and sensory memory. Subjects performed a delayedresponse task with two types of trials that either (1) allowed subjects to prepare during a delay period for a specific motor response or (2) required that subjects maintain a sensory attribute (specifically, color) during a delay period for correct performance postdelay. It was assumed that during the delay periods, the delayed-response trials would engage motor preparation while delayed-match trials would engage sensory memory. Behavioral data supported this assumption. Imaging results support the hypothesis that the PFC is involved in both motor preparation and sensory memory. Furthermore, no selectivity (in terms of intensity of neural representation on the spatial scale of the voxel size <5 mm 3 ) for motor preparation over sensory memory (or vice-versa) was detected within the PFC. This latter result fails to support a gross anatomical segregation within the PFC with respect to involvement in these two cognitive processes.
INTRODUCTION
Working memory is a cognitive system that effects the maintenance and manipulation of information when it is not available in the environment (Baddeley, 1992) . Delayed-response tasks are behavioral paradigms in which subjects must use remembered stimulus attributes across a delay to subsequently perform the appropriate motor response. Delayed-response tasks therefore require working memory, in particular during the delay. Using such tasks, abundant evidence has been accrued supporting the idea that the lateral prefrontal cortex (PFC) subserves working memory (Goldman-Rakic, 1987; Fuster, 1997) . For example, single-unit recordings in monkeys have revealed neurons in lateral PFC that increase their firing during the delay of delayed-response tasks (Funahashi et al., 1989; Fuster and Alexander, 1971) . Moreover, the necessity of the PFC for working memory has been demonstrated in monkey studies in which lesions of the lateral PFC impair performance on delayed-response tasks (Gross, 1963; Bauer and Fuster, 1976; Funahashi et al., 1993) but not on other tasks which are absent an obvious working memory requirement (Funahashi et al., 1993) .
Depending on the behavioral context, the neural representations required during delays between presentation of a behaviorally relevant stimulus and performance of that behavior could be related to the sensory attributes of the stimulus or to preparation for the subsequent motor behavior. The presence of different (though spatially mixed) neuronal subpopulations in monkey PFC that are selectively tuned to sensory or motor parameters associated with the stimulus during the delay of delayed-response tasks was reported by Quintana and Fuster (1992) . In addition, reversible cooling lesions of monkey PFC impaired performance on a delayed-response task which required motor preparation as well as on a different version which required sensory memory (Quintana and Fuster, 1993) . Other monkey electrophysiological studies as well have demonstrated activity in PFC neurons that correlate with either the motor or the sensory aspects of a delayedresponse task (Niki and Watanabe, 1976; di Pellegrino and Wise, 1993; Funahashi et al., 1990) . Guided by these results in monkeys, the first goal of the current study was to test the hypothesis that the PFC of humans is involved in sensory memory and/or motor preparation. The second goal was to test for the presence of any spatial selectivity for involvement in sensory memory over motor preparation (or vice-versa) in PFC.
In order to test the hypothesis of PFC involvement in sensory memory and motor preparation, subjects performed two types of delayed-response trials while being scanned with BOLD fMRI. In one trial type (called a motor preparation, or MP, trial), the stimulus presented prior to the delay directly specified the motor response to be performed postdelay and was therefore assumed to engage motor response preparation during the delay. In a second trial type (called a sensory memory, or SM, trial), the stimulus presented prior to the delay did not directly specify the motor response to be performed postdelay. Rather, SM trials required remembering a sensory attribute (specifically, the color) of the stimulus in order to perform the correct motor response at the end of the delay and were therefore assumed to engage sensory memory. fMRI signal changes associated with the delay were distinguished from those associated with stimulus presentation and motor response by employing shifted hemodynamic response functions to model fMRI time series (Zarahn et al., 1997b) .
METHODS

Subjects
All subjects were recruited from the undergraduate and medical campuses of the University of Pennsylvania. Subjects were excluded if they had any medical, neurological, or psychiatric illness or if they were taking any type of prescription medication. All subjects gave informed consent.
A group of subjects (n ϭ 10; all right handed; 6 men and 4 women; ages 20 -30 years) performed MP and SM trials (see below for a description of the trials) outside of the scanner to test a hypothesis regarding selective motor preparation during MP trials over SM trials. A separate group of subjects (n ϭ 6; all right handed; 2 men and 4 women; ages 20 -27 years) performed these same trial types while being scanned with BOLD fMRI.
MRI Data Acquisition
Imaging was carried out on a 1.5-T Signa scanner (GE Medical Systems) equipped with a fast gradient system for echo-planar imaging. A standard radiofrequency (RF) head coil was used with foam padding to comfortably restrict head motion. High-resolution sagittal and axial T1-weighted images were obtained in every subject. A gradient echo, echoplanar sequence (TR ϭ 2000 ms, TE ϭ 50 ms) was used to acquire data sensitive to the BOLD signal (Ogawa et al., 1993) . Resolution was 3.75 ϫ 3.75 mm in plane and 5 mm between planes (18 axial slices were acquired). Twenty seconds of gradient and RF pulses preceded the actual data acquisition to allow tissue to reach steady-state magnetization.
Behavioral Paradigm
The behavioral paradigm (comprising MP and SM trials) was a modified version of a visuomotor memory task used in an awake-behaving monkey study (Quintana et al., 1988) and was used to test subjects both within and outside of the MRI. In both MP and SM trials of the current paradigm, a stimulus (a yellow, blue, red, or green circle; see below) was presented for 600 ms, followed by a 11.4-s delay during which the screen was filled with a centrally located fixation cross, followed by a 1-s response probe. After these behavioral events there was a 15-s intertrial interval that allowed the fMRI signal to return to baseline. The total trial time was 28 s (see Fig. 1 ). MP and SM trials were presented in a pseudo-randomized order.
In the MP trials ( Fig. 1, top) , the stimulus was either blue or yellow (with equal probability) and subjects were instructed before the experiment to respond after the delay with either a right (for yellow trials) or a left (for blue trials) motor response (a button press). In SM trials (Fig. 1, bottom) , the stimulus was either red or green (with equal probability) and after a delay a red and green probe would appear which prompted the subject to press the appropriate button that matched the color of the remembered stimulus. Therefore, the design of the MP and SM trials was such that the stimulus predicted the correct motor response with 100% certainty in MP response trials and with 50% certainty (i.e., chance) in SM trials. Hence, in MP trials subjects could use the delay period to prepare for a correct response (i.e., engage in motor preparation) while in the SM trials subjects would have to maintain the representation of the stimulus color during the delay period (i.e., maintain a sensory memory representation) to perform at above chance levels.
Both the stimulus and the probe were presented in a triangular arrangement of circles in MP and SM trials. The stimuli to be remembered always appeared in the top circle. During the probe period of MP trials (see Fig.  1 , top), all three circles were white. During the probe period of SM trials (see Fig. 1, bottom) , the top circle was white and the bottom circles were both coloredone red and the other green. The position of the red/ green circles was varied pseudo-randomly over SM trials.
Each experimental run in the scanner consisted of a block of 14 trials (7 of each condition in a pseudorandom order) and each of the six subjects of the scanned group performed 8 experimental runs, yielding a total of 112 trials (except for subject JL, who performed 10 trials per run and each trial lasted 30 s). A total of 196 gradient-echo echoplanar images in time were obtained per slice in each 6-min 32-s run. Thus, a total of 1568 observations were obtained for each voxel in the brain for each subject, allowing for within-subject analysis.
Scanned subjects viewed a backlit projection screen from within the magnet bore through a mirror mounted on the head coil. A Power Macintosh 7100/80 computer (Apple Computer, Cupertino, CA) handled stimulus presentation and response recording. Subjects performing the experiment outside of the scanner were seated, viewed the test stimuli on a monitor, and responded via a gamepad.
Data Processing
Offline data processing was performed on SUN Ultra workstations using programs written in Interactive Data Language (Research Systems, Boulder, CO). After image reconstruction and before motion correction, the data were sinc interpolated in time to correct for the fMRI acquisition sequence (Aguirre, 1998) . The data were then motion corrected in two ways. First, a six-parameter (three translational and three rotational), rigid-body, least-squares realignment routine without the spin-history correction (Friston et al., 1995a) was performed. Then, a slice-wise motion compensation method which removed spatially coherent signal changes via the application of a partial correlation method to each slice in time was utilized (described in Zarahn et al., 1997a) .
Event-Related Analysis
The details of the event-related fMRI analysis used in this study are presented elsewhere (Zarahn et al., 1997b; Postle et al., 2000) . Briefly, the principle of the analysis was to model the fMRI signal changes occurring during particular temporal periods of the behavioral trials with covariates (i.e., independent variables or predictors) composed of shifted impulse response function (IRF) estimates. An IRF here is the fMRI response resulting from a vanishingly brief pulse of neural activity (Boynton et al., 1996) . As covariates in a linear model, a set of shifted IRFs can parsimoniously model the fMRI responses to both brief and sustained periods of neural activity. Using shifted impulse covariates allowed examination of neural activity changes (with respect to baseline) during the delay (Fig. 2) without assuming pure insertion of a delay between sensory and motor processes or strict linearity of the neural activity to fMRI signal transform (Zarahn et al., 1997b) .
IRF Estimation
The modeling of the fMRI time series described above requires an IRF estimate to compose the covariates. An IRF estimate was obtained from each subject during the performance of a simple reaction time task which has been previously observed to evoke fMRI responses in sensorimotor cortex (Aguirre et al., 1998) . Our rationale for deriving an IRF for each subject is based on our empirical observation that there is significant variability in the shape of the evoked hemodynamic response across subjects (Aguirre et al., 1998) . In each of the simple reaction time trials (n ϭ 20 trials, trial duration 16 s) of this task, a central visual stimulus (superimposed on a black background) would change from a white cross to a white circle for 500 ms. This change cued the subject to make a bilateral button press. The fMRI data acquired during the simple reaction time task were analyzed by first defining (by author D.B.) the central sulcus from each subject's T1 images. The central sulcus was identified as the first mediallateral sulcus posterior to, and not in contact with, the posterior extent of the superior frontal sulcus on the superiormost slices. The search volume included both the sulcus and the surrounding gray matter, yielding a total (left and right combined) search volume of ϳ400 voxels per subject. Activated voxels in this region were detected by comparing the averaged fMRI signal values at 4 and 6 s after the response cue to the averaged values at 12, 14, and 16 s after the response cue. This comparison yielded a t value in each voxel in the central sulcus search volume. Time series were then extracted from suprathreshold voxels (at a region-wise ␣ ϭ 0.05 by Bonferroni correction). IRF estimates were obtained from these time series by adjusting them for nuisance covariates (Friston et al., 1995b) , filtering Nyquist frequency artifact, and trial averaging. These subject-specific IRF estimates were then used to compose the shifted-IRF covariates (see previous section) that were to be used to analyze the main experimental dataset.
Statistical Method
Because fMRI data are temporally autocorrelated under the null hypothesis (Zarahn et al., 1997a ) the data analysis was conducted within the framework of the modified general linear model for serially correlated error terms proposed by Worsley and Friston (1995) . Low-frequency sinusoids up to 0.0353 Hz and trial-mean covariates were included as nuisance covariates in the model (Friston et al., 1995b) . The covariance matrix of the errors (Worsley and Friston, 1995) was assumed to be the time-domain representation of a noise spectrum model (Zarahn et al., 1997a) and a filter that removes frequencies above 0.244 Hz. This filter was also applied to the fMRI time series and was intended to remove artifacts we observe in our data at and around the Nyquist frequency (0.25 Hz) for TR ϭ 2 s. It should be noted that the data were not smoothed temporally with a low-pass filter as advocated by Worsley and Friston (1995) , because including a 1/f model appears to adequately control the falsepositive rate in relatively high-frequency paradigms (Zarahn et al., 1997a) . Additionally, temporal smoothing would be undesirable with our technique because it would reduce the ability to detect signal changes during the delay (due to increasing collinearity of the delay-targeted covariates with those modeling the stimulus presentation and motor response).
We tested our hypotheses in a region of interest (ROI) encompassing the lateral PFC (Brodmann areas 8, 9, 46, 44, 45, and 47) . This ROI was defined manually in native space of each subject's high-resolution T1 images based on sulcal landmarks.
Hypotheses regarding relationships with the delay period were assessed by contrasts (yielding t statistics with 1217 df) involving the parameter estimates that corresponded to the covariates that modeled the delay period (i.e., the delay-targeted covariates, see Fig. 2 ). The false-positive rate was controlled at either the map-wise or the region-wise level at ␣ ϭ 0.05 by Bonferroni correction (as the data were not spatially smoothed) for the number of voxels per map (approximately 15,000 voxels leading to a t threshold of ϳ4.5) or for an ROI (approximately 400 leading to a t threshold of ϳ3.7), respectively. For display purposes these thresholded maps and the T1 anatomical images were transformed to Talairach space by a 12-parameter affine transformation (Friston et al., 1995a) , with nonlinear deformations (Ashburner and Friston, 1996) .
RESULTS
Behavioral Performance
Of the 10 subjects who performed the behavioral paradigm outside of the scanner, reaction times for MP trials were significantly faster than those for SM trials (MP, 374 Ϯ 56; SM, 476 Ϯ 80; t(9) ϭ 6.3; paired t test yielding two-tailed P ϭ 0.0001). One of the scanned subject's behavioral data were lost due to a technical problem. Of the remaining 5 subjects scanned, the mean (Ϯ SD) accuracy (%) of performance differed significantly between trial types (MP, 98.6 Ϯ 1.5; SM,
FIG. 2.
Shown is a schematic illustration of the logic of the temporal isolation of delay period fMRI activity (described in detail in Zarahn et al., 1997) . (A) A scenario in which there are only periods of neural activity (first row) associated with the stimulus presentation/instruction and the probe/response periods of behavioral trials, with no increase above baseline during the bulk of the delay. Such neural activity change would lead to a particular profile of fMRI signal change (second row). Note that the peaks of fMRI signal are shifted in time with respect to the periods of neural activity. The model covariates (i.e., shifted IRFs), scaled by their resulting leastsquares coefficients, are shown in the third row (gray line, delaytargeted covariates; black lines, covariates modeling the stimulus presentation, instructions, and probe/response periods). It can be seen that the delay-targeted covariates would not contribute to the explanation of variance in (A). In contrast, (B) depicts a situation in which there is some increase in neural activity relative to baseline during the delay. In this case, it can be seen that the delay-targeted covariates would tend to explain a larger amount of variance in the fMRI signal than in (A).
95.7 Ϯ 2.4; paired t test yielding t(4) ϭ 2.9; P Ͻ 0.05) and differences in the mean reaction times (in ms) approached significance (MP, 342 Ϯ 20; SM, 399 Ϯ 55; paired t test yielding t(4) ϭ Ϫ2.14; two-tailed P ϭ 0.10). This trend, in conjunction with the significant finding in the larger group of subjects tested outside the scanner, supports the assumption that in MP trials, subjects take advantage of the advance information available during the delay period to prepare for the postdelay motor response.
Imaging Data
To test the hypothesis that the PFC subserves motor preparation and/or sensory memory, the sum of the coefficients of the delay-targeted covariates corresponding to MP and SM trials were tested for being greater than zero (i.e., a test for the main effects of delay period, collapsed across trial types). A positive result of this test would allow the inference that either one or both trial types had neural activity during the delay that was greater than baseline (however, it would not imply that both trial types exhibited this behavior). The main effect of delay period across trial types (MP and SM) revealed suprathreshold voxels in the PFC ROI in four of six subjects (Fig. 3) .
To test the hypothesis that there exist regions of the PFC which are involved in motor preparation and/or sensory memory during the delay to different extents (i.e., an interaction of delay period and trial type), the coefficients of the delay period covariates corresponding to MP trials were contrasted with those corresponding to SM trials. In each subject, this test was performed in those voxels of the PFC ROI demonstrating a significant result for the test of main effects of delay across trial types. This was done to limit the number of comparisons being performed and hence
FIG. 3.
SPM{t} maps of the four subjects illustrating voxels that were suprathreshold for a contrast comprising a sum of coefficients of the two delay-targeted covariates (one for each half of the delay period) of both the MP condition and the SM condition within the PFC ROI.
lower thresholds for detection (for a fixed false-positive rate). More importantly, it was sensible to constrain the hypothesis to those regions of PFC which evidence an effect of delay in at least one of the trial types. A positive result for an interaction in any voxel would indicate a differential neural response during the delay periods of the MP or SM trials. This would then imply (at the specified ␣) that such a voxel was either selective or specific (i.e., completely selective) for one of the assumed cognitive processes (i.e., sensory memory or motor preparation) over the other in such voxels. A negative result in every voxel would tend to refute the selectivity (and by implication, the specificity) hypothesis on the spatial scale of voxel size. No voxels with different responses to the MP and SM trials were found in any of the four subjects with significant main effect PFC voxels.
It is possible that the PFC as a whole tends to be selective for either motor preparation or sensory memory, but that the power to detect such selectivity in any individual voxel is low at the thresholds used. To investigate this possibility, in each subject a test for an interaction of delay period with trial type was performed in the spatially averaged time series of all of those voxels of the PFC ROI that evidenced a significant main effect of delay period. Here, a significant interaction would support the selective involvement in either motor preparation or sensory memory, on average, of those parts of PFC involved in at least one of these processes. In every subject, signal change attributable to the delay period in the spatially averaged PFC time series was not significantly different between MP and SM trials (t Ͻ 1.65 in all cases). A spatially averaged time series from a representative subject is presented in Fig. 4A .
We also tested for an interaction of delay period with trial type in the spatially averaged time series of those voxels demonstrating a significant main effect of delay within anatomical subdivisions of the PFC ROIs. These subdivisions were the right and left hemispheres and the dorsal (areas 9, 46, 8) and ventral PFC (areas 44, 45, 47) . Again, none of these contrasts revealed a response that was greater in MP vs SM (or vice versa) trials in any individual subject in these spatially averaged time series.
During recording of single neurons in monkey PFC during a task similar to ours, Quintana and Fuster (1992) identified neurons with two different properties of firing. One type exhibited decreased firing as the delay progresses related to the color of the cue and were considered to be "memory" cells. A second type exhibited accelerated firing as the response approached, relating to the anticipated response direction, and were considered "motor set" cells. Motivated by this finding, we performed a second test of the hypothesis that PFC may subserve motor preparation that contrasted the activity in the first half of the delay period, compared to the second half, in both trial types. Specifically, it was determined if activity in the second half of the delay period, compared to the first half of the delay period, was greater in MP trials compared to SM trials. Thus, the following contrast was assessed: (MP trials delay2 Ϫ MP trials delay1) Ϫ (SM trials delay2 Ϫ SM trials delay1). In three of six subjects, this pattern of activity was observed in at least one voxel in their respective anatomical PFC search regions. The location of activation in the PFC varied (one subject ventral, two subjects dorsal). A time series manifesting a positive result from a representative subject is presented in Fig. 4B .
DISCUSSION
In this fMRI study, we utilized a delayed-response task adapted from the monkey literature in which the stimulus presented prior to the delay period either perfectly predicted the correct motor response (MP trials) or did so in a manner no better than chance (SM trials). During the MP trials, all of the information necessary to prepare for the motor response to be made after the delay was available immediately prior to, and hence during, the delay period. In contrast, the information provided prior to the delay in SM trials did not directly specify the correct postdelay motor response. Therefore, response-specific motor preparation during the delay would presumably either impair or not change performance (i.e., reaction time) during SM trials and therefore would not be an ideal strategy for the subject. Based on this plausibility argument, one might provisionally assume that subjects engage in motor preparation during the delay period of MP trials and maintain sensory representations during the delay period of SM trials. This assumption would predict faster reaction times to the target stimulus for the MP condition compared to the SM condition. This prediction was confirmed in subjects who performed this paradigm outside of the scanner, as well as by a trend in scanned subjects. Therefore, we more confidently interpret our neuroimaging results in terms of the neural mechanisms of sensory memory and motor preparation.
In four of six subjects, we observed suprathreshold voxels corresponding to the sum of delay-period activity for MP and SM trials (implicitly vs baseline) within the PFC. From this result, it is correct to infer that these voxels had increases in neural activity during the delay period in at least one of the trial types. This finding is consistent with several other studies that have proposed that the PFC is involved in the maintenance of sensory/motor information across short periods of time and which have used "event-related" fMRI methods rather than "subtractive" methodology (Courtney et al., 1997; Cohen et al., 1997; Zarahn, 1999) .
The present experiment additionally asked whether the lateral PFC is differentially involved in sensory memory or motor preparation. No differential response within the PFC during the delay period of the two trial types was detected in those voxels that significantly responded during the delay in at least one of the trials. This result supports the hypothesis that the PFC is involved in both sensory memory and motor preparation with no apparent selectivity (in terms of intensity of neural activity summed across both halves of the delay period) for one process over the other.
1 Of course, the spatial resolution of the method must be considered: these results cannot speak to any selectivity for motor preparation or sensory memory in PFC at the subvoxel (e.g., neuronal) level. However, since the data were not spatially smoothed we can be fairly confident that no segregation of function (at the level of the sensitivity of this analysis) in the PFC exists on the order of about 5 mm 3 . This result is consistent with neuronal recording studies in awake-behaving monkeys that have failed to identify a gross anatomical segregation in the PFC of neurons with firing characteristics of sensory memory vs motor preparation (Quintana and Fuster, 1992) .
Of the four subjects with any voxels evidencing a significant main effect of delay period, none had any voxels with a suprathreshold interaction of delay period with trial type. In Fig. 5 , the power to detect at least one voxel with a suprathreshold interaction in any of the subjects is shown as a function of the magnitude of the interaction and the fraction of each subject's main effect voxels that have a true interaction. The magnitude of the interaction is expressed relative to the observed magnitude of the main effect of delay (which presents itself as a meaningful reference 2 ). Qualitatively, the power for the interaction is seen to be quite low unless the magnitude of the interaction is close to the magnitude of the main effect (i.e., complete specificity for one trial type or another) and a large fraction of the ROI has a true interaction. If this is not the case, it is seen that there is a considerable chance that a true interaction would be missed. So, on one hand we can conclude that our results quite firmly (with a power Ͼ0.95) refute the hypothesis of complete specificity for motor preparation over sensory memory (or vice versa) in 50% or greater of those PFC regions involved in some aspect of memory. On the other hand, quantitatively weaker alternative hypotheses should be tested in the future with greater power (i.e., with more subjects and/or more observations per subject).
In addition to the lack of a selectivity of PFC activity associated with motor preparation or sensory memory in individual voxels, no such selectivity was detected in the spatially averaged time series of those voxels evidencing a main effect of delay. The spatial averaging will tend to enhance the signal:noise for a spatially consistent signal change. Therefore, the hypothesis that a selectivity exists for either motor preparation or sensory memory in PFC as a whole is not supported.
1 Our logic regarding selectivity for sensory memory and/or motor preparation has been that if a voxel (or collection of voxels) has a significant main effect of delay period, but no significant interaction of trial type by delay period, then this voxel has increased signal associated with the delay period of both MP and SM trials with no selectivity. To prove this: a (true) main effect of delay can exist only if either one or both of the trial types has an increase in functional activity associated with the delay. Furthermore, the (true) absence of an interaction implies that the functional response does not differ during the delay between SM and MP trials. The conjunction of "activity during the delay of one or both of the trial types" (i.e., a main effect of delay period) with "a lack of difference during the delay between the trial types" (i.e., a lack of a delay period by trial-type interaction) implies positive and equal activity during the delay in SM and MP trials.
2 It is relevant that given the same magnitude for the interaction effect as for the main effect, the interaction in this context has a lower power because the error term for the interaction is greater than the error for the main effect. This is because of high-pass filtering that was performed, as well as the greater noise present at lower temporal frequencies.
In MP and SM trials, the fMRI responses during the first and second halves of the delay period were modeled by separate covariates. This allowed testing for different temporal profiles of delay period activity in MP and SM trials. Using the argument of Quintana and Fuster (1992) , it was assumed that neural ensembles involved in motor preparation will increase their activity as the motor response approaches while neural ensembles involved in sensory memory will evidence the opposite pattern. We conjointly tested for the presence of these temporal patterns in MP and SM trials by comparing the difference between the second and the first halves of the delay period between MP and SM trials. Three of six subjects had PFC voxels that supported their involvement in sensory memory and/or motor preparation by this criterion. Note that this test is not identical to the ones described in earlier paragraphs in that it is possible for voxels to have increases during the delay (summed across halves) in both MP and SM trials, but have different temporal profiles within the delay of each trial type.
As stated previously, when considering the intensity of neural activity summed across both halves of the delay period, our imaging results support that the PFC is involved in both motor preparation and sensory memory without a selectivity for one or the other. There has been one other neuroimaging (PET) study that has utilized two delayed-response tasks which differed in their requirement for motor preparation (Baker et al., 1996) . In this study, one condition (analogous to our MP trial type) required subjects to indicate the location of a remembered stimulus by touching a computer screen. In another condition in which subjects presumably had no incentive to prepare for the upcoming required response (analogous to our SM trial type), the remembered stimulus appeared on the screen for matching. Similar to our study, lateral PFC activation was found in both conditions. However, directly compared to each other, the delayed-response condition (which required motor preparation to a predetermined location) exhibited greater activation in the right PFC, whereas the delayed match condition exhibited greater activation on the left. This study possibly had spatial information confounded with motor preparation because the stimulus for the MP condition was explicitly spatial but also explicitly cued a motor response. Therefore, it is impossible to determine if the reported laterality effect is due to a spatial/ nonspatial factor or a sensory memory/motor preparation factor. In contrast, the current study used the same type of stimuli (colored circles with identical spatial locations) in both conditions; the difference was whether a specific motor response was associated with the stimuli or not. This issue may be important since several other studies in humans have found that there is a differential hemispheric contribution to spatial vs nonspatial working memory (Smith et al., 1995 (Smith et al., , 1996 ; for a review see D 'Esposito, 1998) .
Several studies of patients with focal frontal lesions have provided evidence that the PFC plays a role in the use of advance information to prepare for action (Alivisatos and Milner, 1989; Alivisatos, 1992) . Each of these studies found that patients with focal frontal lesions did not benefit to the same extent as controls or patients with focal temporal lobe lesions from advance information about the upcoming response, suggesting the necessity of the PFC for motor preparation. Studies of patients with focal frontal lesions have also found impairments on delayed-response tasks in which the subject cannot prepare for the upcoming motor response (Verin et al., 1993) , suggesting the necessity of the PFC for sensory memory as well. Together with the imaging results presented in this paper, these findings FIG. 5. Shown is the relationship between the probability of detecting a (delay period ϫ trial-type) interaction in at least one voxel in at least one subject (power) with the magnitude of the interaction and the fraction of the main effect voxels of each subject that have a true interaction. The magnitude of the interaction effect is expressed as a percentage of the main effect size. The main effect size in each subject was estimated by fitting a Gaussian (using an iterative, least-squares procedure) to the observed main effect sizes of the suprathreshold voxels for the main effect of delay. A given percentage of this effect size was then divided by the error term for the interaction to yield a noncentrality parameter of the noncentral t distribution (with appropriate degrees of freedom). The noncentral t distribution was then numerically integrated (to within 0.001 error) from negative infinity to the Bonferroni-corrected threshold to yield a voxel-wise false-negative rate. Given these (subject-specific) voxelwise, false-negative rates and the number of voxels assumed to have a true interaction per subject, the desired probability was calculated. Note that at either zero assumed effect size or zero % voxels with true interaction, power is not zero but is correctly the experimentwise false-positive rate for this interaction test (with the false-positive rate in each subject being held at 0.05).
suggest that PFC plays a role in motor preparation as well as sensory memory.
